68 APC = antigen-presenting cell; APRIL = a proliferation-inducing ligand; BDCA = blood dendritic cell antigen; GM-CSF = granulocyte/macrophage colony-stimulating factor; IC = immune complex; IFN = interferon; IFNAR = IFN-α/β receptor; IL = interleukin; IRF = interferon regulatory factor; NIPC = natural IFN-α-producing cell; ODN = oligodeoxyribonucleotide; PBMC = peripheral blood mononuclear cell; PDC = plasmacytoid dendritic cell; SLE = systemic lupus erythematosus; SLE-IIF = IFN-α-inducing factor in SLE; Th1 = T helper type 1; TLR = Toll-like receptor.
Introduction
Systemic lupus erythematosus (SLE) is a genetically complex autoimmune disease, characterized by the occurrence of many different autoantibodies, the formation of immune complexes (ICs), and inflammation in different organs. Studies in both mice and humans have demonstrated several genetic susceptibility loci involved in immune activation and regulation, as well as clearance of apoptotic cells [1, 2] . Among the cells in the immune system, the B cells have a crucial role as producers of the autoantibodies, which are typically directed to nucleic acid and associated proteins. The B cells in SLE patients have several abnormalities that might account for the ongoing autoantibody production observed in these patients [3] . The B cell response is clearly antigen-driven and several lupus autoantigens are located in apoptotic bodies and apoptotic blebs [4, 5] . It is unknown why the immune response is directed mainly towards apoptotic cell material, but SLE patients have both increased apoptosis and a defective clearance of such material [6, 7] . Consequently, apoptotic bodies and nucleosomes are accessible to the immune system in SLE patients for longer than in normal individuals, which might contribute to the autoimmune response [8] . In addition, abnormal T cell activation, complement deficiency and the production of several cytokines might be critical for the initiation and maintenance of the autoimmune reaction [9] [10] [11] [12] .
Increased serum levels of many cytokines have been noted in SLE patients, reflecting the activation of the immune system and inflammation in this disease. In the present review we focus on the type I interferon (IFN) system in SLE, because emerging data suggest that IFN-α and the natural IFN-α-producing cells (NIPCs), often termed plasmacytoid dendritic cells (PDCs), have a pivotal role in the etiopathogenesis of SLE.
IFN-α α and SLE
Raised serum levels of IFN-α in SLE patients have been noted for more than 20 years [13] , and these levels are correlated with both disease activity and severity [14] . There is also a significant association between IFN-α levels and several markers of immune activation that are considered to be of fundamental importance in the disease process, such as circulating interleukin-10 (IL-10), complement activation and anti-double-stranded DNA (dsDNA) antibody titers [14] . Among SLE symptoms, there is a clear association between high serum IFN-α levels and fever as well as skin rashes [14] . It is also of interest that several signs and symptoms in SLE mimic those in influenza or during IFN-α therapy, for instance fever, fatigue, myalgia, arthralgia, and leukopenia. SLE patients without measurable serum IFN-α levels also seem to have a pathological IFN-α production, because their blood leukocytes display increased amounts of the IFN-α-inducible protein MxA [15] . Interestingly, gene array expression profiles of blood cells from SLE patients recently demonstrated a clear activation of IFN-α-regulated genes [16, 17] .
A causative role for IFN-α in the initiation of the autoimmune disease process is suggested more directly by the observation that patients with non-autoimmune disorders who are treated with IFN-α can develop antinuclear antibodies, anti-dsDNA antibodies, and occasionally also SLE [18, 19] . Such observations obviously further raise the question of whether the type I IFN system could be involved in the etiopathogenesis of naturally occurring SLE.
The type I IFN system
The type I IFN system comprises the inducers of type I IFN synthesis, the type I IFN genes and proteins, the cells producing type I IFNs, and the target cells affected by the IFNs. The human type I IFN gene family contains a total of 15 functional genes, 13 encoding IFN-α subtypes and one each for IFN-β and -ω [20] . The genes and their products have several common features in structure and function; for example, the type I IFNs are typically induced by virus or dsRNA and interact with the same receptor, the IFN-α/β receptor (IFNAR) [21] . However, there are also clear differences between, for example, IFN-α and IFN-β at the post-IFNAR level [22] . The type I IFNs are produced by many cell types exposed to certain RNA viruses and dsRNA in vitro. In contrast, human leukocytes can produce IFN-α when exposed to a much wider variety of agents, including viruses, bacteria, protozoa, and certain cell lines [23] .
The major IFN-α-producing cells (IPCs) were early on designated NIPCs, and several studies of these cells (reviewed in [23] ) suggested that NIPCs were either a unique new hemopoietic cell population or dendritic cells (DCs). When the presence of several surface markers on NIPCs was investigated directly, it was found that they expressed CD4, CD36, CD40, CD44, CD45RA, and CD83, for example, but lacked CD80, CD86, and CD11c [24] , thus presenting a phenotype similar to a previously identified DC precursor [25] . These DCs were later characterized further and are now also referred to as PDCs or precursors of type 2 DCs [26] [27] [28] . They have a high expression of the IL-3 receptor (CD123) [26] and were recently found to express two unique markers termed blood dendritic cell antigens; BDCA-2 and BDCA-4 [29] . The BDCA-2 molecule represents a novel endocytic type II C-type lectin, which might function as an antigen-capturing molecule.
The NIPCs/PDCs also express the Toll-like receptors (TLRs) 1, 6, 7, 9, and 10 [30] , of which TLR9 is obviously crucial for activation of the cells by CpG-containing DNA motifs [31] . Although the NIPC/PDC population constitutes only about 0.1% of the peripheral blood mononuclear cells (PBMCs), each cell has the capacity to produce as many as 10 9 IFN-α molecules in 12 hours. The type I IFNs have mainly been regarded as antiviral proteins, because they are produced during viral infections and induce viral resistance in target cells. However, these IFNs also exert prominent immunoregulatory effects and might act as key cytokines, not only in the innate immune system but also in adaptive immune responses.
Immunomodulatory effects by type I IFNs
Type I IFNs have a large number of different effects on the immune system and most of these promote a strong immune response (reviewed in [32] [33] [34] , for example). Several of these effects are highly relevant for the understanding of observed alterations of the immune system in SLE patients. Thus, IFN-α caused a stimulation of T helper type 1 (Th1)-type T cell and B cell responses, stimulation of CTL responses, proliferation of memory CD8 + T cells, and differentiation and increased antigen-presenting activity of type 1 DCs. It was shown, for instance, that type I IFN in mice was a potent enhancer of the primary antibody response to a soluble antigen; all subclasses were stimulated, with both long-lasting antibody responses and development of memory [35] . Part of this effect could be through effects on DCs [35] , and autoantigen-loaded DCs might in fact precipitate autoimmune diseases [36] . Several other effects of type I IFN can be relevant in promotion of autoimmunity by IFN-α, such as stimulation of differentiation T cells, inhibition of apoptosis associated with activation, and induction of Fas-ligand-mediated apoptosis [34, 37, 38] . Type I IFN can also promote the survival and differentiation of B cells and enhance B cell antigen receptor (BCR)-dependent responses by lowering their threshold of activation [39, 40] .
Relevant in the SLE context is also the observation that DCs activated by IFN-α can induce CD40-independent immunoglobulin class switching in B cells through the upregulation of BLys and APRIL ('a proliferation-inducing ligand') [41] . In addition, IFN-α-activated monocytes in SLE patients can act as antigen-presenting cells (APCs) [42] . Although most of these immunostimulatory activities of IFN-α remain to be demonstrated in humans in vivo, they suggest that IFN-α can have an important role in autoimmune processes. Clearly, other cytokines produced by NIPCs/PDCs, such as IL-12, as well as cytokines induced secondarily by IFN-α, such as IL-15 [43] , can also be important.
The type I IFN system in SLE patients
Patients with SLE have a more than 70-fold decrease in the number of NIPCs/PDCs in blood [44] , a finding recently confirmed in pediatric SLE patients [42] . However, the residual NIPCs/PDCs are functionally normal with the capacity to produce 5-10 pg of IFN-α per cell after activation. Furthermore, exposure of SLE-PBMCs to IFN-α/γ and granulocyte/macrophage colony-stimulating factor (GM-CSF) in vitro markedly increased the number of NIPCs/PDCs, further arguing against a NIPC/PDC defect in SLE. Instead, the smaller number of circulating NIPCs/PDCs in SLE might be caused by recruitment of these cells to tissues; this premise was supported by the finding of cells actively producing IFN-α in skin biopsies from SLE patients [45] . Furthermore, cells with typical NIPC/PDC phenotype have recently been identified in cutaneous lupus erythematosus lesions [46] .
The NIPCs/PDCs do not normally produce measurable amounts of IFN-α unless stimulated by microorganisms or their constituents [23] . However, we made the interesting initial observation that several serum samples from SLE patients caused the production of IFN-α by PBMCs in vitro when used as culture medium supplement [44] . These results prompted a further investigation of this potential endogenous IFN-α-inducing factor in SLE (SLE-IIF), and it was shown to consist of small ICs (size 300-1000 kDa) that contained, as essential components, DNA and IgG with anti-DNA specificity [47] . In some patients with active disease, high levels of SLE-IIF were seen with the same IFN-α-inducing capacity in vitro as herpes simplex virus. SLE-IIF was mimicked by human anti-dsDNA monoclonal or polyclonal antibodies from SLE patients combined with plasmid DNA [48] , and furthermore specifically activated NIPCs/PDCs to IFN-α synthesis. However, methylation of the CpG dinucleotides in the plasmid DNA totally inhibited the IFN-α production. This indicates that unmethylated CpG-containing DNA might be involved in triggering the IFN-α production in NIPCs/PDCs. However, using oligodeoxyribonucleotide (ODN) sequences originally cloned from SLE serum we could demonstrate that unmethylated CpG motifs are not obligatory for interferogenic activity and that DNA sequences with the capacity to induce IFN-α production therefore should be common in eukaryotic genomes [49] .
Apoptotic cells are one obvious source of interferogenic DNA motifs, and recently we showed that all investigated cell lines formed IFN-α-inducing complexes when triggered to apoptosis and combined with IgG prepared from SLE sera [50] . In this experimental system, the specificity of the SLE autoantibodies was associated with the occurrence of antibodies against ribonucleoprotein in the SLE serum. The results therefore suggest that, in addition, RNA in ICs can act as an IFN-α inducer, and further characterization of the interferogenic material released by apoptotic cells revealed that although it is mainly sensitive to ribonuclease treatment, a significant portion is also destroyed by deoxyribonuclease [51] . Consequently, we propose that there exist two different IFN-α inducers in SLE, one being complexes between DNA and anti-DNA antibodies, and the other being complexes of RNA and anti-ribonucleoprotein/RNA antibodies, the latter being present mainly at the tissue level and not in blood. The failure to find RNA-containing IFN-α inducers in SLE blood might simply be due to rapid degradation by ribonucleases. Clearly, the precise composition of the IFN-inducing complexes remains to be determined.
Obviously, the nucleic acid might be associated with binding proteins, such as histones for DNA, as well as with SS-A/Ro, SS-B/La, and Sm for RNA. It is relevant here that autoantibodies against such proteins are common in SLE and it is well known that the removal of immune complexes is deficient in SLE [52] . In addition, the clearance of apoptotic cells by macrophages is deficient and could be linked to increased apoptosis [6, 7] . Such defects will increase IC levels, resulting in NIPC/PDC activation and IFN-α production.
Activation and regulation of NIPCs/PDCs in SLE
The NIPCs/PDCs express molecules that can detect danger signals and foreign antigens. As mentioned, they express the pattern recognition molecule TLR9, which interacts with and mediates responses to unmethylated CpG-DNA [31] . The induction of IFN-α might also require TLR9, because a new highly efficient IFN-α-inducing ODN required unmethylated CpG [53] . Furthermore, the poor IFN-inducing ability of other potent immunostimulatory ODNs was strongly increased when PDCs were co-stimulated by CD40L [54] . It is known that FcγRII can provide intracellular signals and internalize ICs [56, 57] and such material might be targeted to cytoplasmic compartments [58] . Thus, internalization of the IFN-α inducer could be an essential step and there might exist intracellular recognition structures for nucleic acid (DNA and RNA) motifs. The exact recognition and activation mechanisms for the different IFN-α inducers in SLE patients are unclear at present, and other TLRs than TLR9 might be involved. Thus, NIPCs/PDCs also express TLR1, 6, 7, and 10 but not the dsRNA-binding receptor TLR3 [30] , and ligation of TLR7 by the drug imiquimod can elicit IFN-α production [59] . Several intracellular pathways might therefore lead to IFN-α gene expression.
IFN-α/β gene transcription in NIPCs/PDCs were, early on, shown to be dependent on de novo protein synthesis [60] , and the presence of cytokines such as type I IFN, IFN-γ, IL-3, and GM-CSF increased the IFN-α production caused by viral inducers [61] . In addition, the induction of IFN-α production triggered by SLE-IIF, or the combination of apoptotic cells and autoantibodies, was markedly dependent on priming with especially IFN-α/β [48, 62] . Such priming is important for the viral induction of many IFN-α genes and might involve an initial activation of some IFN-α or IFN-β gene expression because of activation of pre-existing transcription factors [63] . This IFN then causes the synthesis of further transcription factors, such as interferon regulatory factor-5 (IRF-5) and IRF-7, that become activated and promote the expression of a wider spectrum of IFN-α genes. It is not known whether a similar mechanism is necessary for the activation of IFN-α gene expression in NIPCs/PDCs by the endogenous SLE-related IFN-α inducers.
Certain cytokines have a negative impact on NIPCs/PDCs, and IL-10 has been shown to be a potent inhibitor of IFN-α production caused by different IFN-α inducers, such as virus, SLE-IIF and the combination of apoptotic cells with antibodies [48, 62, 64] . In addition, TNF-α inhibited the action of these inducers [62] ; this observation is interesting because it can explain why a blockade of TNF-α by anti-TNF-α antibodies or soluble TNF-α receptors in human patients can result in autoimmune side effects, including SLE [65, 66] . We therefore propose that such side effects are due to an increased activity of NIPCs/PDCs, which promotes the development of autoimmunity.
Antigen presentation by NIPCs/PDCs and monocyte-derived DCs in SLE
The population of NIPCs/PDCs in blood is immature. These cells can differentiate into mature PDCs in vitro, with the ability to stimulate T cells [26, 67, 68] . Such PDCs were originally shown to promote Th2 development preferentially [69] , but subsequent work has demonstrated that they can for instance stimulate the development of CD8 + T cells that produce IL-10 and IFN-γ and have suppressive activity [70] . Furthermore, the NIPCs/PDCs can drive a potent Th1 development when they are induced to produce IL-12 and IFN-α by CD40 ligation combined with stimulation by virus or CpG-DNA [54, 71] . The absence of such viral or bacterial stimulants might account for the lack of detectable IFN-α production in situ by the many PDCs found infiltrating the nasal mucosa in allergic rhinitis [72] . In contrast, the presence of endogenous IFN-α inducers explains the presence of activated NIPCs/PDCs and IFN-α production in SLE. However, the full extent of activation of NIPCs/PDCs in vivo must be elucidated. That includes the different cytokines that are produced, and also the production of IFN-α subtypes. Furthermore, it remains to be determined whether NIPCs/PDCs are efficient APCs in vivo and whether the actual IPCs can develop into APCs. However, IFN-α can stimulate the development of efficient type 1 DCs that promote Th1 development [35, 73] . In this way the IFN-α produced by NIPCs/PDCs can generally promote the presentation of antigens for T cells. Indeed, an increased proportion of functionally active monocyte-derived DCs has been noted in the blood of SLE patients, and in addition the IFN-α present in SLE serum can stimulate the development of monocytes to DCs in vitro [42] .
The type I IFN system in the etiopathogenesis of SLE
There are several intriguing observations on the type I IFN system that suggest a key role for NIPCs/PDCs, and the IFN-α that they produce, in the etiopathogenesis of SLE. They include the observed ability of IFN-α to cause autoimmunity (including SLE), evidence of ongoing IFN-α production in SLE, evidence that NIPCs/PDCs are the source of the IFN-α, the ability of SLE-derived ICs containing nucleic acid to induce IFN-α in NIPCs/PDCs, the finding that this nucleic acid can be generated from normal dying cells, and the special requirements to trigger IFN-α gene expression in NIPCs/PDCs. We have used this information to formulate a hypothesis about the role of the type I IFN system in the etiopathogenesis of SLE, which has been presented previously at various stages of refinement [47, 48, 74, 75] . This hypothesis is summarized in Fig. 1a , and more details are given in Fig. 1b-d. A critical first event in the autoimmune process is the formation of autoantibodies reactive with autoantigens that contain nucleic acid (RNA and DNA), because they form ICs that serve as endogenous IFN-α inducers. Such autoantibodies might be produced as a consequence of viral or bacterial infections inducing the synthesis of IFN-α and other adjuvant cytokines. The NIPCs/PDCs (Fig. 1b) 
Figure 1
The central role of the type I interferon (IFN) system in the etiopathogenesis of systemic lupus erythematosus (SLE). (a) A schematic overview of IFN-α inducers and target cells. Initially, IFN-α is produced by the natural IFN-α producing cell (NIPC)/plasmacytoid dendritic cell (PDC) as a consequence of viral or bacterial infections. The IFN-α produced promotes DC1 development, T cell activation and autoantibody production by B cells. DNA or RNA and associated proteins, generated from apoptotic or necrotic cells, and autoantibodies form immune complexes (ICs) that act as endogenous IFN-α inducers and cause a prolonged IFN-α production. This IFN-α further stimulates the autoimmune response with more autoantibody production, IC formation, and co-stimulation of NIPCs/PDCs; finally, a vicious circle is created with an ongoing IFN-α production sustaining the autoimmune process. (b) Induction of IFN-α production in NIPCs/PDCs. Viruses, bacterial components, CpG-DNA and interferogenic ICs (IICs) can all trigger NIPCs/PDCs to produce IFN-α. FcγRIIa is necessary for the activation of NIPCs/PDCs by IICs. In addition, these cells express Toll-like receptor 9 (TLR9), mediating IFN-α synthesis induced by CpG-DNA, but the role of this receptor for the response to IICs is unknown. TLR7 activation by imiquimod also induces IFN-α production, but the function of TLR1, 6, and 10 in IFN-α production by NIPCs/PDCs is unknown. Ligation of CD40 enhances IFN-α synthesis and can also cause interleukin-12 (IL-12) production. In contrast, the ligation of blood dendritic cell antigen-2 (BDCA-2) by a monoclonal antibody inhibits the IFN-α production, but the natural ligand is unknown. IFNAR, IFN-α/β receptor. are here a main producer of such cytokines, but other cells might also be involved, depending on the type of infection. Once interferogenic ICs (the endogenous IFN-α inducers) have formed, they replace the original exogenous bacterial/viral IFN-α inducers and continuously trigger IFN-α production in NIPCs/PDCs. The stimulatory effects of IFN-α on key cells in the immune system can counteract the maintenance of self-tolerance in several ways, as outlined above. The IFN-α produced triggers the maturation of DCs with the capacity to activate naive autoimmune T cells (Fig. 1c) , although necrotic cells alone could have an adjuvant action on type 1 DCs [76] . These events are facilitated by the fact that antigen presentation and the production of cytokines such as type I IFNs occur in similar, if not identical, DCs. Activated T cells subsequently trigger the production of autoantibodies by B cells, an event promoted by IFN-α-induced upregulation of BLyS and APRIL on DCs [41] (Fig. 1c) . In this context it is important to note that B cells can become stimulated by chromatin-IgG complexes by the dual engagement of IgM and TLR9 receptors [77] . This would be expected to favor the production of antibodies that can form immunostimulatory IFN-α-inducing immune complexes (Fig. 1c) .
The endogenous IFN-α inducers are present for a prolonged time in SLE patients owing to impaired clearance [52] , and the resulting IFN-α production sustains the autoimmune process, with the generation of more autoantibodies and IFN-α inducers. Increased apoptosis and deficient clearance of apoptotic material in SLE [7] can contribute by providing more autoantigens. In this way, a process resembling a vicious circle is established (Fig. 1a) that maintains the autoimmune process by continuously exposing the immune system to endogenous IFN-α inducers. Epitope spreading is expected to occur with time, involving the production of antibodies against autoantigens that are not associated with material containing nucleic acids.
The activity of this vicious circle in tissues can be augmented by several cytokines and chemokines that recruit new NIPCs/PDCs. The mechanisms for the migration of NIPCs/PDCs in vivo in SLE remain to be determined, for instance whether SDF-1 and PDC-expressed CXCR4 (chemokine [CXC motif], receptor 4) are important. Furthermore, the priming of NIPCs/PDCs by IFN-α and by IL-3 and GM-CSF is probably important for the activation of their IFN-α production. The formation of the endogenous IFN-α inducers is increased by production of more autoantibodies, and by exposure to ultraviolet light or infections that generate more apoptotic or necrotic material with IFN-α-inducing activity. Conversely, the activity of the disease process might be decreased by nucleases that degrade the IFN-α inducer [47] , or by the scavenging of IC and apoptotic material by macrophages [7, 52] . The NIPC/PDC population might also be exhausted because these cells are infrequent and their production of IFN-α is transient [78] . Finally, some cytokines, especially IL-10 and TNF-α (see above), can inhibit the IFN-α production by NIPCs/PDCs and might therefore constitute a beneficial negative feedback mechanism in SLE. In SLE patients with a low production of IFN-α and low activity in the immune system, the vicious circle might be reactivated by, for example, infections that cause new IFN-α production. The activation of the autoimmune process by this IFN-α can explain relapses of SLE seen during infections.
Possible new therapeutic targets in SLE
Chloroquine is used both for therapy and to maintain remissions in SLE patients. This drug is known to inhibit IFN-α production by NIPCs/PDCs in vitro by the inhibition of endosomal acidification/maturation [23] . The proposed role of the type I IFN system in SLE suggests further therapeutic targets for the inhibition of the IFN-α production. For instance, the endogenous IFN-α inducers could be degraded by nucleases, or their activation of NIPCs/PDCs through the FcγRII could be blocked. The actions of the IFN-α produced could furthermore be inhibited by neutralizing anti-IFN-α antibodies [79] , antibodies blocking the anti-IFNAR [80] , or soluble IFNAR. It is also possible to target the NIPCs/PDCs and inhibit their production of IFN-α. Thus, antibodies binding the BDCA-2 molecules specifically expressed by PDCs abolished the IFN-α production triggered by SLE-related inducers [29] . Some of these approaches are being considered by the pharmaceutical industry and the results of future clinical trials will be of great interest because they can provide direct evidence for the relevance of the type I IFN system in SLE and other autoimmune diseases, and also provide more efficient therapy.
Conclusion
We have argued for a pivotal etiopathogenic role for the type I IFN system in SLE, in which endogenous inducers cause an ongoing production of IFN-α by NIPCs/PDCs. This IFN-α can promote the development of autoimmunity by multiple actions on cells of the immune system, causing autoimmune disease in genetically predisposed individuals. The endogenous IFN-α inducers contain nucleic acids (RNA or DNA) and probably also proteins, and originate from apoptotic or necrotic cells. They are present as complexes with autoantibodies. The activation of the type I IFN system can be maintained by a process resembling a vicious circle, in which the continuous generation of these endogenous IFN-α inducers is especially important. However, the activity of this vicious circle can be regulated in several ways. One important goal in the search for a better treatment of SLE is therefore to learn how this IFN-α production can be therapeutically controlled.
